Low-temperature thermionic emitter  Final report, 9 Feb. 1969 - 9 Apr. 1970 by Rosengreen, A. & Nitzan, D.
CASE FILE 
COPY 
Final Report 
Covering the Period February 9, 1969 to April 9, 1970 
L O W - T E M P E R A T U R E  T H E R M l O N l C  EMITTER 
Prepared for: 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
ELECTRONICS RESEARCH CENTER 
575 TECHNOLOGY SQUARE 
CAMBRIDGE, MASSACHUSETTS 021 39 
CONTRACT NAS 12-607 
STANFORD RESEARCH INSTITUTE 
Menlo Park, California 94025 U.S.A. 
https://ntrs.nasa.gov/search.jsp?R=19700032737 2020-03-11T23:06:30+00:00Z
Final Report 
Covering the Period February 9, 1969 to April 9, 1970 
LOW-TEMPERATURE THERMlONlC EMITTER 
By: A. ROSENGREEN and D. NITZAN 
Prepared for: 
NATIONAL AERONAUTICS AND SPACE ADM INlSTRATlON 
ELECTRONICS RESEARCH CENTER 
575 TECHNOLOGY SQUARE 
CAMBRIDGE, MASSACHUSETTS 021 39 
CONTRACT NAS 12-607 
SRI Project PYU-7147 
Approved: 
NEVlN K. HIESTER, Director 
Physical Sciences (Materials Laboratory) 
C. J. COOK, Executive Director 
Physical Sciences Division 
May 15, 1970 
PREFACE 
This  p r o j e c t  was e s t a b l i s h e d  by t h e  N a t i o n a l  Aeronau t ics  and Space 
A d m i n i s t r a t i o n ,  E l e c t r o n i c s  Research C e n t e r ,  Cambridge, M a s s a c h u s e t t s ,  
on February  8 ,  1968 ,  The Technica l  Monitor f o r  t h e  p r o j e c t  i s  Andre 
G a r f e i n ,  and t h e  program i s  under  t h e  t e c h n i c a l  d i r e c t i o n  of Arne 
Rosengreen.  Labora to ry  work i s  be ing  performed by David M .  Murdock and 
J o s e p h  H .  Hunt, J r .  
ABSTRACT 
The p r o c e s s e s  developed f o r  f a b r i c a t i o n  of  i n t e g r a t e d  vacuum 
c i r c u i t s  (IVCs) a r e  d e s c r i b e d .  A 1 - b i t  s h i f t  r e g i s t e r  is d i s c u s s e d .  
I t  i s  ana lyzed  g r a p h i c a l l y  by d i v i d i n g  t h e  c i r c u i t  up i n  s m a l l e r  t e s t  
c i r c u i t s  c o n s i s t i n g  o f  an i n v e r t e r ,  two i n v e r t e r s  i n  c a s c a d e ,  and a  NOR 
g a t e .  F a b r i c a t i o n  and t e s t i n g  of t h e s e  c i r c u i t s  a r e  d i s c u s s e d .  Par-  
t i c u l a r  a t t e n t i o n  is p a i d  t o  t h e  emiss ion  o f  d i o d e s  and t r i o d e s  i n  t h e  
r e v e r s e  d i r e c t i o n ,  which p reven ted  t h e  c i r c u i t s  from o p e r a t i n g .  I t  i s  
s u g g e s t e d  t h a t  t h i s  problem i s  a s s o c i a t e d  w i t h  f low o f  mol ten  bar ium 
a long  t h e  meta l  f i l m s  d u r i n g  t h e  a c t i v a t i o n  p r o c e s s .  Data  from l i f e  
t e s t  of d u a l  t r i o d e s  a r e  p r e s e n t e d .  A l l  c o p l a n a r  t r i o d e s ,  w i t h  a  few 
e x c e p t i o n s ,  have proved t o  have r e l a t i v e l y  s h o r t  l i v e s ,  a l though  con- 
v e n t i o n a l  t r i o d e s  w i t h  ca thodes  made from t h e  same m i x t u r e  of  t r i p l e  
c a r b o n a t e s  and p h o t o r e s i s t  used f o r  t h e  IVCs have shown no d e t e r i o r a t i o n  
a f t e r  more t h a n  12 ,000  h o u r s .  I t  i s  sugges ted  t h a t  t h e  problem is con- 
n e c t e d  w i t h  a  slow m i g r a t i o n  of barium from t h e  ca thode  a long  t h e  
c o n n e c t i n g  f i l m s .  
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I  INTRODUCTION 
During t h e  l a s t  two decades t h e  development of new e l e c t r o n i c  
devices  has been almost exc lus ive ly  i n  t h e  a r e a  of s o l i d  s t a t e  devices .  
Since the  e x i s t i n g  vacuum devices  have not  seemed a s  amenable t o  
min ia tu r i za t ion  and mass production a s  t he  s o l i d  s t a t e  devices ,  l i t t l e  
a t t e n t i o n  has been paid t o  t h e  development of new vacuum devices .  
A major disadvantage of vacuum devices  has always been t h e i r  need 
f o r  thermionic emission. To ob ta in  reasonable cu r r en t  d e n s i t i e s ,  t h e  
0 
requi red  ope ra t ing  temperature of t h e  cathode may be a s  high a s  750-800 C 
w i th  consequent reduct ion  i n  the  l i f e  of t h e  cathode,  which i s  a  d i r e c t  
inverse  func t ion  of t h e  cathode temperature.  However, t h e  recent  develop- 
ment a t  S tanford  Research I n s t i t u t e  of a  t r i p l e -ca rbona te  pho to re s i s t  
method f o r  producing cathodes has made it poss ib le  t o  reduce t h e  cathode 
0 
temperature t o  about 650 C without reduct ion  of t he  cu r r en t  dens i ty .  In 
a d d i t i o n ,  t h e  use of coplanar  s t r u c t u r e s  opens up t h e  p o s s i b i l i t y  of micro- 
min ia tu r i za t ion  using convent ional  photo l i thographic  techniques.  The 
purpose of t he  present  c o n t r a c t  was t o  explore  t hese  p o s s i b i l i t i e s  f o r  
development of coplanar  microminiature low-temperature thermionic devices  
and c i r c u i t s  t h a t  should be ab le  t o  opera te  a t  much higher  ambient 
temperatures  than  t h e i r  counterpar t  s o l i d  s t a t e  devices .  
I1 OBJECTIVES 
The o b j e c t i v e s  of t h i s  program a r e  t o  develop techniques 
f o r  f a b r i c a t i o n  of complex c i r c u i t r y  of coplanar  low-temperature 
thermionic devices  on a s i n g l e  s u b s t r a t e  w i t h  subsequent develop- 
ment and f a b r i c a t i o n  of  a high-speed 1-b i t  and 10-bit  s h i f t  
r e g i s t e r .  
111 TECHNICAL DISCUSSION 
A low temperature thermionic e m i t t e r  was developed a t  S tanford  
Research I n s t i t u t e  during an e a r l i e r  por t ion  of t h i s  program. In  t h e  
course of t h i s  work it was found t h a t  Richardson's c o n s t a n t ,  governing 
t h e  e l e c t r o n  emiss ion ,  was increased  by mixing the  t r i p l e  carbonate  
powder, normally used f o r  thermionic e m i t t e r s ,  wi th  a  pho to re s i s t .  
Operating temperature could thus  be reduced without any s a c r i f i c e  of 
c u r r e n t  dens i ty .  Also,  t h e  mixture allowed t h e  cathode m a t e r i a l  t o  be 
placed a t  s e l e c t i v e  a r eas  by t h e  use of photo l i thographic  techniques.  
Using t h i s  technique and t h e  improved e l e c t r o n  emission c h a r a c t e r i s t i c s  
of t h e  cathode,  a  new concept i n  i n t e g r a t e d  c i r c u i t s  was conceived: the 
i n t e g r a t e d  vacuum c i r c u i t  (IVC). 
The IVC c o n s i s t s  of an in te rconnect ing  p a t t e r n  of coplanar  
ca thodes ,  g r i d s ,  and anodes evaporated o r  spu t t e r ed  on an i n s u l a t i n g  
s u b s t r a t e  t o  form a network of diodes and t r i o d e s .  The s u b s t r a t e  i s  
0 heated uniformly t o  about 650 C and e l e c t r o n s  a r e  emi t ted  from t h e  
cathode i n t o  t h e  vacuum surrounding the  s u b s t r a t e  and a r e  c o l l e c t e d  on 
the  anodes. The IVC has no r e s i s t o r s  i n  t h e  convent ional  sense.  The i r  
func t ion  is  taken over by the  dynamic r e s i s t a n c e  of t h e  diodes.  Since 
a  photo l i thographic  process  is  used exc lus ive ly  i n  t h e  f a b r i c a t i o n  of t h e  
I V C s ,  they lend themselves t o  microminiatur izat ion.  The fol lowing s e c t i o n s  
desc r ibe  the  techniques developed i n  t h i s  program f o r  product ion of micro- 
minia ture  c i r c u i t s ,  s p e c i f i c a l l y  a  1-bi t  and a  10-bi t  s h i f t  r e g i s t e r .  
A .  Fabr ica t  ion  Techniques 
The s u b s t r a t e  used f o r  t he  IVCs must be mechanically s t a b l e  up t o  
0 
about 1000 C i n  order  t o  withstand t h e  a c t i v a t i o n  temperature of t h e  
cathodes.  I t  must a l s o  be ab le  t o  s u s t a i n  ope ra t ing  temperatures i n  t he  
0 
range 600 t o  700 C f o r  a  long period of time and have a  high r e s i s t i v i t y  
i n  t h i s  temperature i n t e r v a l .  In  the  o r i g i n a l  work on low temperature 
thermionic e m i t t e r s ,  t h e  s u b s t r a t e  m a t e r i a l  employed was p o l y c r y s t a l l i n e  
alumina, but t h i s  was l a t e r  changed t o  s i n g l e  c r y s t a l  sapphire  t o  avoid 
t h e  g r a i n  boundary e f f e c t s  i n  t h e  alumina t h a t  might c r e a t e  problems i n  
microminia tur iza t ion.  The sapphire  s u b s t r a t e s  a r e  0.03-inch t h i c k  
c i r c u l a r  p l a t e l e t s  wi th  a  diameter of 3/4 inch t h a t  have been pol ished 
and c leaned by e tch ing .  
The f i r s t  process  c o n s i s t s  of s p u t t e r i n g  a  t h i n  f i l m  of tungs ten  
on one s i d e  of t h e  wafer. By use  of p h o t o r e s i s t  and photol i thographic  
t echn iques ,  a  p a t t e r n  is  then  e tched i n  t h e  tungs ten  f i l m  leav inz  
tungsten only a t  t h e  cathode a reas .  Figure 1 shows a  t y p i c a l  layout 
of an IVC; t h e  c i r c u i t  i s  an i n v e r t e r  t h a t  i s  p a r t  of t h e  1 -b i t  s h i f t  
r e g i s t e r .  Th i s  c i r c u i t  w i l l  be d iscussed i n  d e t a i l  l a t e r .  Here it  i s  
mentioned merely a s  an a i d e  f o r  understanding t h e  f a b r i c a t i o n  of the  
IVCs. The cathode c o n s i s t s  of t h e  b l a c k  and the  crosshatched a reas .  
Ac tua l ly ,  t h e  tungsten extends  s l i g h t l y  beyond these  a r e a s  t o  allow f o r  
an over lap  wi th  a  second meta l  f i l m  t o  be appl ied  next ,  The metal  f i l m  
can be  of  e i t h e r  n ickel - t i tanium o r  molybdenum-zirconium s p u t t e r e d  over  
t h e  e n t i r e  su r face  and then  de l inea ted  i n  t h e  same way a s  t h e  tungsten 
f i lm.  The e n t i r e  c i r c u i t  p a t t e r n  wi th  t h e  except ion of t h e  cathodes i s  
made us ing one of  these  meta l  combinations. O r i g i n a l l y ,  n ickel - t i tanium 
was used but i t  was d i f f i c u l t  t o  remove t h e  unwanted p a r t  of t h e  meta l  
f i l m  completely and excess ive  c u r r e n t  leakage of t h e  devices  r e s u l t e d .  
Improvement was made by evaporat ing ( r a t h e r  than s p u t t e r i n g )  t h e  n i c k e l -  
t i t a n i u m ,  but  t h e  adhesion of t h e  f i l m  was poor. This problem was 
p a r t l y  overcome by d e l i n e a t i n g  t h e  whole c i r c u i t  i n  tungsten and then  
cover ing everything except t h e  cathodes wi th  n ickel - t i tanium.  However, 
t h e  e t c h i n g  of t h e  n ickel - t i tanium proved t o  be a  problem. The n icke l -  
t i t a n i u m  l a y e r  i s  obta ined by evaporat ing f i r s t  a  l a y e r  of t i t an ium and 
then  a  l a y e r  of n i c k e l .  The e tch ing  r a t e  of n i c k e l  is  much f a s t e r  than  
t h e  e tch ing  r a t e  of t i t a n i u m ,  and r e s u l t s  i n  a  s t r o n g  undercu t t ing  of 
t h e  n i c k e l  and hence a  very smal l  y i e l d .  For b e s t  e t c h i n g ,  t h e  t i t an ium 
should be on t o p  of t h e  n i c k e l ,  but then  con tac t  problems would a r i s e  
because of ox ida t ion  of t h e  t i t an ium.  Contacts a r e  made t o  t h e  f i l m s  by 
smal l  sp r ing  c l i p s  con tac t ing  smal l  contact  pads a t  the  periphery of t h e  
wafe r ,  a s  w i l l  be descr ibed  l a t e r .  Another s o l u t i o n  t o  t h e  e t ch ing  
problem would be t o  evaporate  and e t c h  t he  t i t an ium f i r s t ,  but  because 
of ox ida t ion  of t h e  t i t an ium,  t h e  n i c k e l  l a y e r  does not  s t i c k  t o  t h e  
t i t an ium.  
The main reasons f o r  s e l e c t i n g  n icke l - t i t an ium i n i t i a l l y  were t h e  
c o m p a t i b i l i t y  of t he se  m a t e r i a l s  w i t h  t h e  processes  encountered i n  t h e  
tube  and t h e  known a b i l i t y  of t i t an ium t o  " k i l l "  t h e  thermionic  emiss ion  
a s  w e l l  a s  t o  provide a  good bond t o  t h e  sapphi re  by forming an oxide a t  
t h e  i n t e r f a c e ,  presumably by r e a c t i n g  wi th  t h e  sapphi re .  However, t h e  
r e a c t i o n  apparen t ly  t akes  p lace  on ly  when t h e  t i t an ium i s  s p u t t e r e d  and 
i n  t h i s  case  t h e  r e a c t i o n  l eads  t o  s i g n i f i c a n t  leakage. Other meta l  
combinat ions,  such a s  molybdenum-zirconium t h a t  have p r o p e r t i e s  s i m i l a r  
t o  t h e  n icke l - t i t an ium,  were t h e r e f o r e  i nves t i ga t ed .  The molybdenum- 
zirconium, bes ides  s t i c k i n g  w e l l  t o  t h e  s apph i r e ,  proved easy t o  remove 
by aqua r e g i a  without  any subsequent leakage problems. This  combination 
of meta l s  was t h e r e f o r e  used f o r  most of t h e  c i r c u i t s  t o  be d i s cus sed  
l a t e r .  
A f t e r  s p u t t e r i n g  and d e l i n e a t i o n  of molybdenum-zirconium, t h e  
c i r c u i t  i s  ready f o r  i t s  l a s t  process  i n  open a i r ,  t h e  a p p l i c a t i o n  of 
t h e  mixture  of t r i p l e  carbonates  and p h o t o r e s i s t .  The mixture i s  
app l i ed  t o  t h e  crosshatched a r e a s  of t h e  cathodes i n  up t o  t h r e e  l a y e r s ,  
aga in  u s ing  t h e  photo l i thographic  technique.  The wafer ,  shown i n  Fig.  2 ,  
which has  undergone t h i s  p rocess ,  i s  now ready f o r  mounting i n  a  t u b e ,  
a s  is  shown i n  Fig.  3 .  A h e a t e r  s t r i p  of G r a f o i l  i s  sandwiched between 
t h e  sapphi re  wafer and an alumina wafer held t oge the r  by two l a r g e  c l i p s .  
The s t r u c t u r e  i s  pos i t ioned  i n  t h e  tube  by two heavy wires  t h a t  a l s o  
f u n c t i o n  a s  conductors  f o r  t h e  h e a t e r  s t r i p .  Contacts  a r e  made t o  t h e  
sma l l  con tac t  pads a t  t h e  per iphery of t h e  sapphi re  wafer w i t h  sma l l  
tungs ten  c l i p s  connected by f i n e  w i r e s  t o  t h e  p ins  of t h e  header of t h e  
tube.  The t u b e ,  a f t e r  bakeout,  i s  pumped down below 10'~ t o r r  f o r  
a c t i v a t i o n  of t h e  cathode. 
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FIGURE 3 MOUNTING OF WAFER IN A TUBE 
The a c t i v a t i o n  i s  performed by hea t ing  t h e  sapphi re  wafer  t o  
about 900°C f o r  a s h o r t  time by use of t h e  h e a t e r  s t r i p .  The carbonates  
decompose t o  ox ides  a t  t he se  temperatures  and t h e  barium oxide is  re -  
duced t o  barium, presumably by t h e  carbon l e f t  from t h e  p h o t o r e s i s t s .  
Since t h e  melt ing temperature of barium i s  725OC, i t  i s  molten dur ing  
t h e  a c t i v a t i o n  which al lows i t  t o  c o a t  t h e  o t h e r  oxides  with a few mono- 
l a y e r s  of barium. T h e i r  work f u n c t i o n  i s  thus  s i g n i f i c a n t l y  reduced 
and good e m i t t e r s  a r e  formed. The process  i t s e l f  is  the  same a s  is 
used i n  a r e g u l a r  tube except  f o r  t h e  r o l e  of t h e  carbon from t h e  photo- 
r e s i s t .  However, while  a cathode i n  a r e g u l a r  tube  i s  i s o l a t e d  from a l l  
o t h e r  p a r t s  by vacuum and i s  the  on ly  p a r t  of t h e  tube t h a t  is  h o t ,  t h e  
s i t u a t i o n  i s  q u i t e  d i f f e r e n t  f o r  t h e  IVC.  The sapphi re  wafer wi th  t h e  
e n t i r e  c i r c u i t  is a t  a c t i v a t i o n  temperature  and t h e  cathode m a t e r i a l  is  
connected t o  t h e  rest of t he  c i r c u i t  by sapphi re  and s t r i p s  of metal  
f i l m .  The proper  ope ra t i on  of t he  I V C s  is  t h e r e f o r e  s t r o n g l y  dependent 
on t h e  phys i ca l  and chemical p r o p e r t i e s  of t he se  p a r t s  with r e s p e c t  t o  
t h e  barium. This  f e a t u r e  w i l l  be d i scussed  i n  more d e t a i l  i n  connect ion 
wi th  t h e  experimental  r e s u l t s .  I t  s u f f i c e s  t o  say  t h a t  t h e  a c t i v a t i o n  
i s  t h e  most c r u c i a l  p rocess  of t h e  f a b r i c a t i o n  of t h e  IVCs. Af t e r  a c t i -  
v a t i o n  t h e  g e t t e r  i s  f l a s h e d  and t h e  tube is  t i pped  o f f .  
B.  Crossovers 
The f a b r i c a t i o n  techniques descr ibed  above a r e  used f o r  s imple 
c i r c u i t s  with a smal l  l ayout .  A s  t h e  complexity of t he  c i r c u i t s  in -  
c r e a s e s  and the  layout  g e t s  l a r g e r ,  t h e r e  i s  need f o r  c ros s ing  t h e  
conductors  r equ i r ing  an i n s u l a t o r  between the  conductors .  The c i r c u i t  
of t he  1 -b i t  s h i f t  r e g i s t e r  a lone r e q u i r e s  15 such c rossovers .  The 
i n s u l a t o r  t o  be used i n  t h e  c rossover  must m e e t  t h e  fo l lowing  requi re -  
ments: 
1. I t  must have a c o e f f i c i e n t  of thermal  expansion 
c l o s e  t o  t h a t  of s apph i r e .  
2.  I ts  r e s i s t i v i t y  must be h igh  a t  t h e  ope ra t i ng  
temperature  (600-650°C). 
3 .  The melt ing temperature of t he  ma te r i a l  must 
be g r e a t e r  than the  temperature used f o r  
a c t i v a t i n g  the  cathode (900-1000°C). 
4 .  I t  must bond t o  tungs ten  without  d i s s o l v i n g  
o r  l i f t i n g  i t  from the  s u b s t r a t e .  
5 .  The sur face  must be smooth t o  allow r e l i a b l e  
c r o s s  connect ions.  
An e u t e c t i c  mixture of CaO, MgO, and Al,O, appears  t o  have t h e s e  
p r o p e r t i e s .  The m a t e r i a l s  a r e  mixed i n  powder form, us ing  CaCO, t o  
provide t he  CaO. The mixture i s  premelted a t  1500-1550°C i n  a  platinum 
c r u c i b l e  and quenched i n  water .  The r e s u l t i n g  g l a s s  f r i t  i s  reduced 
t o  a  f i n e  powder, using an alumina b a l l  m i l l  f o r  24 hours .  The powder 
i s  mixed with p h o t o r e s i s t  and appl ied  t o  t h e  wafer ,  a f t e r  which t h e  
normal photo l i thographic  process  i s  used,  l eav ing  p h o t o r e s i s t  with t h e  
g l a s s  mixture only a t  t h e  c rossover  p o i n t s .  The wafer i s  then heated 
t o  t h e  melt ing temperature of t he  g l a s s  (about 1345°C) i n  e i t h e r  
vacuum o r  argon gas .  
The c rossover  m a t e r i a l  has been t e s t e d  on both tungs ten  and 
molybdenum-zirconium f i l m s .  The i n i t i a l  experiments were made by use  of 
smal l  p ieces  of a  hardened mixture of p h o t o r e s i s t  and oxides  placed by 
hand ac ros s  t he  f i l m  s t r i p s .  The c rossovers  on t h e  molybdenum-zirconium 
f i l m s  looked e x c e l l e n t ,  but  on t h e  tungs ten  f i l m s  t h e r e  was some evidence 
of narrowing of t he  tungs ten  s t r i p ,  probably due t o  t h e  c o n t r a c t i o n  of 
t h e  c rossover  m a t e r i a l  dur ing  cool ing .  Also,  t h e  tungs ten  f i l m  l i f t e d  
from t h e  s u b s t r a t e  i n  s e v e r a l  a r ea s .  
The technique used i n  f a b r i c a t i n g  IVC c i r c u i t s  cons i s t ed  of 
sp inning  t h r e e  l a y e r s  of t he  mixture of p h o t o r e s i s t  and oxides  ac ros s  
t h e  wafer  before  t h e  l i t h o g r a p h i c  processing i n  o r d e r  t o  o b t a i n  s u f f i c i e n t  
m a t e r i a l  a t  t h e  c rossover  po in t s .  The process  was t e s t e d  on a  tungs ten  
f i l m  and i t  was found t h a t  t h e  c rossover  m a t e r i a l  d id  not wet t he  tungs ten  
f i l m  but  formed small  pools a t  t h e  edges of t h e  f i l m  s t r i p .  This  problem 
was solved by oxid iz ing  t h e  tungs ten  p r i o r  t o  applying t h e  p h o t o r e s i s t .  
This  changed t h e  metal  s u r f a c e  so  t h e  c rossover  m a t e r i a l  wetted t he  e n t i r e  
crossover  a r ea .  I t  was a l s o  not iced  t h a t  t h e  c rossover  m a t e r i a l  now had 
only  a  s l i g h t  e f f e c t  on the  tungs ten  f i l m ,  probably because of t he  sma l l e r  
amount of t h e  crossover  m a t e r i a l  t h a t  was used compared t o  t he  expsriment 
above and perhaps a l s o  because of t h e  changed su r f ace  of t h e  tungs ten  
f i l m  from t h e  oxida t ion .  S imi l a r  t e s t s  have not y e t  been performed on 
t h e  molybdenum-zirconium f i lms  , but  t he  process  looks hopeful because 
of t h e  e x c e l l e n t  r e s u l t s  obtained i n  t h e  prel iminary t e s t s  w i th  the  hand- 
placed crossover  ma te r i a l .  
C .  Dual Triodes 
When t h i s  program s t a r t e d ,  t h e r e  were no d a t a  on which t o  base 
t h e  design of t h e  1- and 10-bit  s h i f t  r e g i s t e r s .  Also t h e r e  was no 
information a s  t o  how small  t h e  elements could be made without impairment 
of t h e i r  opera t ion .  To o b t a i n  t h i s  information and t o  t e s t  and improve 
the  process ing ,  a  simple dua l  t r i o d e  was designed. Figure 4  shows a  
microphotograph of a  dua l  t r i o d e .  The two s e c t i o n s ,  A and B ,  a r e  
separa ted  by a  s h i e l d .  The width of t he  f i lms  and t h e i r  s epa ra t ions  a r e  
about equal  and were i n i t i a l l y  chosen t o  be 5 m i l .  La t e r ,  dua l  t r i o d e s  
of a  1 - m i l  geometry were produced, a s  shown i n  Fig. 5. The t r i o d e s  were 
t e s t e d  and t h e i r  c h a r a c t e r i s t i c s  recorded. Since the  vol tage  of g a t e  
and s h i e l d  can be var ied  independent ly,  t h r e e  types of measurements a r e  
p o s s i b l e ,  a s  l i s t e d  i n  Table I .  Examples of t hese  c h a r a c t e r i s t i c s  a r e  
shown i n  Figs.  6  through 9. 
The c h a r a c t e r i s t i c s  shown i n  Fig. 6  were obtained wi th  t r i o d e  
224A (1-mil) ,  which was processed a t  a  higher  temperature than  e a r l i e r  
t r i o d e s .  The ampl i f i ca t ion  f a c t o r  p f o r  t h i s  t r i o d e  i s  i n  excess  of 20 
while  t h a t  of t he  e a r l i e r  t r i o d e s ,  such a s  216B i n  Fig. 7 ,  i s  i n  t h e  
v i c i n i t y  of 10. I t  i s  poss ib le  t h a t  t h e  h igher  temperature process 
r e s u l t s  i n  a  more uniformly low cathode work func t ion .  For low values 
of V , the  c u r r e n t  going t o  t h e  s h i e l d  and ga t e  i s  n e g l i g i b l e ;  i t  i s  
g  +s 
p l o t t e d  i n  Fig. 6  f o r  V = 4V and a t t a i n s  a  maximum value of 1 PA. 
g+s 
The curves i n  Figs.  7 through 9 were taken on t r i o d e  216B t o  
demonstrate t h e  e f f e c t  of d i f f e r e n t  connections on the  t r i o d e  parameters 
as  i nd ica t ed  i n  T a b l e  I .  
FIGURE 4 MICROGRAPH OF COPLANAR DUAL TRIODE 
FIGURE 5 PHOTOGRAPH OF A COPLANAR DUAL TRIODE 
ON A 314-inch SUBSTRATE (I-mil geometry) 
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FIGURE 9 CHARACTERISTICS FOR IVC TRIODE 2168 WITH Vg = 7 . 5 V  
Table I 
COMPARISON OF MEASURFMENTS ON COPLANAR TRIODES 
* 
Ampl i f ica t ion  f a c t o r .  
Resu l t s  
i n  p a r a l l e l  Highest  y* va lues  
Larges t  o f f s e t  vo l tage  
Sh ie ld  p o t e n t i a l  set and Tr iode- l ike  c h a r a c t e r i s t i c s  
g a t e  p o t e n t i a l  var ied  Lowest y va lues  
Smaller  o f f s e t  vo l tage  
Gate p o t e n t i a l  s e t  and 
Figures  10 and 11 show measurements made on t r i o d e s  221A and 221B 
and i l l u s t r a t e  t h e  s i m i l a r i t y  of t h e  two t r i o d e s  on t h e  same s u b s t r a t e .  
Figure 12 shows t h e  h igher  c u r r e n t s  obtained by ope ra t i ng  two t r i o d e s ,  
224A and 224B, i n  p a r a l l e l .  
s h i e l d  p o t e n t i a l  va r i ed  
Figure 13 p re sen t s  t y p i c a l  d a t a  obtained w i t h  a  5-mil geometry 
t r i o d e ,  designed,  f a b r i c a t e d ,  and t e s t e d  on another  program under 
In te rmedia te  p values  
Smal les t  o f f s e t  vo l tage  
commercial sponsorship.  I t  i s  inc luded  here  t o  i l l u s t r a t e  t h e  s i m i l a r i t y  
i n  t h e  c h a r a c t e r i s t i c s  of t h e  1 - m i l  and t h e  5-mil t r i o d e s .  
Seve ra l  of t h e  dua l  t r i o d e s  were put on l i f e  test and compared wi th  
t h e  l i f e  test of two convent iona l  t r i o d e s ,  147 and 159,  w i t h  cathodes 
made of t h e  t r i p l e  carbonate -photores i s t  mixture.  The convent iona l  
t r i o d e s  have been opera t ing  f o r  about 12,600 hours without  any s e r i o u s  
d e t e r i o r a t i o n .  Unfortunately t h e  p i c t u r e  f o r  t h e  d u a l  t r i o d e s  i s  some- 
what d i f f e r e n t ,  a s  can be seen from Table I1 where t h e  r e s u l t s  from t h e  
l i f e  t e s t  of t h e  t r i o d e s  a r e  l i s t e d ,  The tubes  were t e s t e d  w i th  t h e  
0 
cathode a t  about 700 C a t  a  c o l l e c t o r  and ga t e  vo l t age ,  V and V . The 
C g  
f i r s t  tube  l i s t e d ,  189, opera ted  f o r  a  long time a t  a c u r r e n t  range of 
about 1 , 5  t o  2.0 panlps but  during the  l a s t  few weeks t h e  c u r r e n t  has been 




Table I1  
RESULTS FROM LIFE TEST 
Both t r i o d e s  i n  
One t r i o d e  on ly  
1 - m i l  dua l  Both t r i o d e s  i n  
2 43 4 7 3 1.2  0 .1 500 One t r i o d e  on ly  
decreas ing .  Tubes 216, 218, 224, 227, and 230 showed an immediate 
d e c l i n e  i n  emission and f o r  most of them t h e  emission i s  now s e r i o u s l y  
reduced,  but not a l l  t o  t he  same degree.  
Tubes 216 t o  230 were t h e  f i r s t  tubes  produced wi th  t he  molybdenum- 
zirconium f i lm .  Also they were t h e  f i r s t  tubes  t o  employ a  1 - m i l  con- 
f  i g u r a t  ion. The poor performance of t he se  t u b e s ,  t he re f  o r e ,  r a i s e d  t he  
ques t i on  whether e i t h e r  o r  bo th  of t he se  f a c t o r s  was involved i n  t h e  
r a p i d  d e t e r i o r a t i o n .  For t h i s  reason two t u b e s ,  237 and 238, were b u i l t ,  
aga in  us ing  molybdenum-zirconium, but  wi th  a  d i f f e r e n t  con f igu ra t i on .  
The tubes  were s i n g l e  t r i o d e s  wi th  a  spacing of 5  mils between cathode 
and g a t e  and 20 m i l s  between g a t e  and anode. Also,  t he  tubes  were made 
on an alumina s u b s t r a t e .  Tubes of t h i s  type  have been b u i l t  p rev ious ly  
us ing  n i cke l - t i t an ium and two of t he  t u b e s ,  6 and 7 ,  have been on l i f e  
t e s t  f o r  more t han  10,000 hours allowing a  good comparison wi th  t ubes  
using molybdenum-zirconium. Tubes 6 and 7  have changed very l i t t l e  
dur ing  t h i s  l i f e  t e s t .  The emission of tube  6 i s  now down by about 25%, 
but tube  7  shows no change. In  c o n t r a s t ,  t h e  tubes  wi th  molybdenum- 
zirconium, 237 and 238, show some changes a l ready  a f t e r  1800 hours .  
Two 1 - m i l  dua l  t r i o d e s  wi th  n icke l - t i t an ium,  tubes 242 and 243, 
have been on l i f e  t e s t  f o r  500 hours and do not  appear t o  be g r e a t l y  
d i f f e r e n t  from the  tubes  of molybdenum-zirconium. The r e s u l t s  of t he se  
t e s t s  w i l l  be d i scussed  i n  a  l a t e r  s e c t i o n .  
D .  1 - B i t  S h i f t  Regis te r  
The 1 - b i t  s h i f t  r e g i s t e r  was designed t o  have a  1 - m i l  geometry 
s i n c e  it i s  p a r t  of t he  10-bit  s h i f t  r e g i s t e r  t h a t  r e q u i r e s  t he  1 - m i l  
geometry t o  f i t  on t he  sapphi re  wafer.  The design was made by In t eg ra t ed  
C i r c u i t  Systems Technology and was based on a  t r i o d e  c h a r a c t e r i s t i c  
s i m i l a r  t o  t h e  one shown i n  Fig.  7.  The c i r c u i t  diagram and t h e  phys i ca l  
l ayout  of t h e  1-b i t  s h i f t  r e g i s t e r  a r e  shown i n  F igs .  14 and 15. The 
c i r c u i t  c o n s i s t s  of t r i o d e s ,  d iodes ,  and d iode - r e s i s to r s .  The diode 
r e s i s t o r s  a r e  formed by in te rconnec t ing  t h e  ca thode ,  g a t e ,  and s h i e l d  of 
t he  i n d i v i d u a l  t r i o d e s .  The symbol f o r  a  diode r e s i s t o r  i s  a  r e s i s t o r  
with a n  arrowhead poin t ing  i n  the  forward d i r e c t i o n .  
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FIGURE 14 CIRCUIT DIAGRAM FOR 1-BIT REGISTER 
FIGURE 15 LAYOUT FOR 1-BIT SHIFT REGISTER. Cross-hatched areas: triple carbonate- 
photoresist cathode coating. Solid areas: uncoated tungsten fi lm. Dotted-line areas: 
dielectric isolation. Bashed-line areas: crossover conductors. 
A t  t h e  t ime of design of t h e  s h i f t  r e g i s t e r ,  t he  f a b r i c a t i o n  of the  
IVCs was based on t h e  use of n icke l - t i t an ium which, as  a  f i r s t  s t e p ,  
r equ i r e s  t h e  d e l i n e a t i o n  of t h e  whole c i r c u i t  i n  tungs ten .  Figure 16 
shows t h i s  p a t t e r n  inc luding  t h e  c ros sove r s ,  but without  t he  c rossover  
metal  s t r i p s  t h a t  a r e  spu t t e r ed  o r  evaporated on i n  a  subsequent s t e p .  
Four p a t t e r n s  w i t h  connect ion pads a r e  de l inea t ed  on each  wafer ,  a s  shown 
i n  Fig.  17 ,  f o r  encapsula t ion  i n  a  ceramic cup ,  which i s  t h e  u l t i m a t e  
goa l  of packaging t h e  IVCs. 
The 1-b i t  s h i f t  r e g i s t e r  d i scussed  above is  a  r e l a t i v e l y  complicated 
c i r c u i t  f o r  t e s t i n g  of a  new technology,  and t h e  des ign  of t h e  c i r c u i t  i s  
based on c h a r a c t e r i s t i c s  02 a  s i n g l e  tube w i t h  very l i t t l e  information a s  
t o  t h e  r e p r o d u c i b i l i t y  of t he  c h a r a c t e r i s t i c s  and t h e  i n t e r a c t i o n  of t h e  
t ubes .  The chances f o r  such a  c i r c u i t  t o  work t h e  f i r s t  time i t  i s  t e s t e d  
a r e  remote, cons ider ing  t h e  l a r g e  number of a c t i v e  elements and c ros sove r s .  
Thus, t h e  ques t i on  a r i s e s  how t o  o b t a i n  enough information t o  eva lua t e  t h e  
c i r c u i t  i n  ca se  of i n i t i a l  f a i l u r e .  A s i n g l e  1-b i t  s h i f t  r e g i s t e r  r e q u i r e s  
seven connec t ions ,  p lus  two f o r  t h e  hea t e r .  This  leaves  two p ins  of an 
eleven-pin tube f o r  t e s t i n g ,  which i s  inadequate .  Clear ly  f o r  t h i s  reason 
alone t he  1 - b i t  s h i f t  r e g i s t e r  must be broken down i n  smal le r  t e s t  c i r c u i t s  
t o  allow e v a l u a t i o n  but  t h e r e  a r e  a l s o  o t h e r  reasons a s  discussed below. 
E .  Tes t  C i r c u i t s  f o r  t h e  1 - B i t  S h i f t  Reg i s t e r  
I d e a l l y  t h e  t e s t i n g  of a  c i r c u i t  c o n s i s t s  of methodical ly  probing 
from input  t o  o u t p u t ,  disconnect ing i n i t i a l l y  any complicat ing pa r t  of 
t h e  c i r c u i t  u n t i l  t h e  fundamental p a r t  i s  understood.  The o t h e r  p a r t s  
a r e  then  reconnected s t e p  by s t e p .  Such an approach is  not  f e a s i b l e  here 
s i n c e  i t  would be extremely d i f f i c u l t  t o  t e s t  and connect p a r t s  of t h e  
c i r c u i t  s t e p  by s t e p .  Af t e r  a c t i v a t i o n  of t h e  ca thodes ,  the  c i r c u i t s  can  
no longer be exposed t o  a i r .  We have t h e r e f o r e  chosen t o  produce s i g -  
n i f i c a n t  p a r t s  of t h e  c i r c u i t  s e p a r a t e l y  f o r  t e s t i n g  and a n a l y t i c a l  
eva lua t ion .  I f  t h e  r e p r o d u c i b i l i t y  of t h e  p a r t s  i s  good, i t  should then  
be pos s ib l e  by a n a l y s i s  t o  determine t h e  ope ra t i on  of t h e  c i r c u i t  produced 
a s  a  whole. In  d iv id ing  the  1 -b i t  s h i f t  r e g i s t e r ,  we have se l ec t ed  p a r t s  
t h a t  by themselves a r e  c i r c u i t s  of p r a c t i c a l  importance. These p a r t s  a r e :  
an i n v e r t e r ,  two i n v e r t e r s  i n  cascade,  and a  NOR g a t e .  
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FIGURE 16 1-BIT SHIFT REGISTER OF I-mil GEOMETRY DELINEATED 
IN TUNGSTEN. The dark areas are crossover material. 
FIGURE 17 FOUR 1-BIT SHIFT REGISTERS ON A 314-inch 
SAPPHIRE WAFER 
1. Analysis  
The t e s t  c i r c u i t s  a r e  examined by g r a p h i c a l  ana lys i s .Such  an a n a l y s i s  
i s  adequate f o r  simple c i r c u i t s  but  f o r  more complex c i r c u i t s ,  t h e  use of 
co~nputers  i s  necessary owing t o  t h e  complexity o f t h e  n o n l i n e a r i t y  of  t h e  
IVCs. 
a .  I n v e r t e r  
To s t a r t ,  we have chosen t h e  i n v e r t e r .  The c i r c u i t  diagram and 
layout  of t h e  i n v e r t e r  a r e  shown i n  Fig.  18, which i s  a  modular po r t i on  of  
t h e  1-b i t  s h i f t  r e g i s t e r  shown i n  Figs .  14 and 15. Before g e t t i n g  i n t o  
t he  g r a p h i c a l  a n a l y s i s  it should be noted from Fig. 18(b)  t h a t  D, and T 1  
have s i m i l a r  geomet r ies ,  t h a t  t h e  geometries of D, and D, a r e  i d e n t i c a l ,  
and t h a t  t h e  e m i t t e r  a r ea  of D, ( o r  D,) i s  about 1/6 t h a t  of D, ( o r  T I ) .  
Consequently,  t he  I-V c h a r a c t e r i s t i c  of D, i s  t h e  same a s  t h a t  of T I  a t  a  
ga t e  vo l tage  V = 0 ,  and t h e  I-V c h a r a c t e r i s t i c  of D 7  ( o r  D,) i s  obtained 
g  
from t h a t  of D, by d iv id ing  each I  value by 6.  These c h a r a c t e r i s t i c s  a r e  
shown i n  Fig.  19(a)  . Referr ing t o  Fig.  18(a) , we next  c o n s t r u c t  i n  Fig.  
19(b) t h e  composite I-V c h a r a c t e r i s t i c  of D, and D, i n  s e r i e s  (by doubl ing 
t h e  vo l tage  a t  each I  value)  and s h i f t  it t o  t h e  l e f t  by E v o l t s .  The 
C 
l a t t e r  r ep re sen t s  t h e  I-V c h a r a c t e r i s t i c  of D,, D , ,  and -E i n  s e r i e s .  
C 
This  c h a r a c t e r i s t i c  i s  then  added i n  p a r a l l e l  t o  T I  by adding c u r r e n t s  
a t  each  vol tage  value f o r  each  g a t e  p o t e n t i a l .  The load l i n e  due t o  D, 
i s  now superimposed by f l i p p i n g  over  t h e  I-V c h a r a c t e r i s t i c  of D, and 
s h i f t i n g  i t  t o  t h e  r i g h t  by E v o l t s .  Assuming, f o r  example, t h a t  t h e  b  
i npu t  g a t e  vo l tages  a r e  V = + 4V f o r  A = 1 (TI i s  on) and V = - 4V 
g  g  
f o r  A = 0  (TI i s  o f f ) ,  t h e  i n t e r s e c t i o n  po in t s  of t h e  D, load l i n e  w i th  
t h e  corresponding I-V curves y i e l d  the  vo l t ages  and c u r r e n t s  of D, ,  t he  
vo l t ages  of T I ,  and t h e  c u r r e n t s  of D, and D, f o r  t he  on and o f f  s t a t e s .  
Using these  r e s u l t s  i n  Fig.  1 9 ( a ) ,  we determine t h e  c u r r e n t s  of TI  and 
t h e  vo l tages  of D 7  and D, f o r  t h e  two s t a t e s .  Note t h a t ,  a s  expec ted ,  
t h e  ou tput  vo l tage  V = V - 
TI V ~ 7  
i s  nega t ive  f o r  V = + 4V (TI i s  on) 
out  i n  
and p o s i t i v e  f o r  V = - 4V (TI i s  o f f ) .  Proper design r e q u i r e s  t h a t  i n  
= V and V = V , and hence may r e q u i r e  a  few 
Vout , on i n , o f f  o u t ,  o f f  i n , o n  
i t e r a t i o n s .  
(a) CIRCUIT DIAGRAM 
GROUND u 
(b) LAYOUT 
TA-7147-48 
FIGURE 18 AN INVERTER 

b. Two I n v e r t e r s  i n  Cascade 
The next s t e p  i s  t o  connect two i n v e r t e r s  i n  cascade,  a s  shown 
i n  Fig.  20. The c i r c u i t  and corresponding l ayou t ,  Fig.  20(a) and (b )  a r e  
e x t r a c t e d  from Figs .  14 and 15 ,  r e spec t ive ly .  Crossover i n s u l a t i o n  and 
conductors  a r e  necessary  f o r  t he  -E and output  t e rmina l s  a s  i n d i c a t e d  
C 
i n  Fig.  20(b) .  
Assuming t h a t  t h e  g a t e s  of TI  and T, draw no c u r r e n t ,  t h e  graphic  
a n a l y s i s  i n  Fig.  19 i s  a l s o  v a l i d  f o r  each i n v e r t e r  s t a g e  i n  Fig.  20. 
c .  NOR Gate 
The c i r c u i t  diagram and layout  f o r  a  NOR g a t e  a r e  shown i n  
F igs .  21(a) and ( b ) ,  r e spec t ive ly .  Again, t he se  may be i d e n t i f i e d  a s  
po r t i ons  of t h e  1 -b i t  s h i f t  r e g i s t e r  i n  Figs .  14 and 15. The t e rmina l  
of t r i o d e  T,, des igna ted  by Node 13 ,  r equ i r e s  an added connect ion t o  
Node 3 .  
The graphic  des ign  of t h e  NOR g a t e  is  i d e n t i c a l  w i t h  t h a t  of t h e  
i n v e r t e r  i n  Fig.  19 ,  except t h a t  t he  I-V c h a r a c t e r i s t i c s  of TI  a r e  
rep laced  by equ iva l en t  ones f o r  TI  and T, i n  p a r a l l e l .  The l a t t e r  a r e  
obtained by adding t h e  corresponding c u r r e n t s  a t  each  anode vo l t age ,  
depending on t h e  s t a t e s  of TI and T,. I f  bo th  a r e  on ,  then the  c u r r e n t  
of ( f o r  example) t he  + 4V c h a r a c t e r i s t i c  i s  doubled a t  each  value of 
anode vo l t age ;  i f  bo th  a r e  o f f ,  then t h e  c u r r e n t  of ( f o r  example) t h e  
- 4 V  c h a r a c t e r i s t i c  i s  doubled; i f  one tube  i s  on and t h e  o t h e r  o f f ,  
then  t h e  c u r r e n t  of t h e  - 4V c h a r a c t e r i s t i c  i s  added t o  t h a t  of t h e  
+ 4V c h a r a c t e r i s t i c .  I n  t h e  example of Fig.  19 ,  t h e  c o n t r i b u t i o n  of 
t h e  - 4V c h a r a c t e r i s t i c  i s  n e g l i g i b l e ,  
2. E x ~ e r i m e n t a l  Resul t s  
Two i n v e r t e r s  ( t ubes  244 and 247) and two NOR g a t e s  ( t ubes  248 and 
249) were processed and examined. Figures 22 and 23 show t h e  f a b r i c a t e d  
i n v e r t e r  and NOR g a t e  of tubes  244 and 248. The masks f o r  t h e  photo- 
l i t h o g r a p h i c  processing of t he se  c i r c u i t s  were obtained from t h e  mask 
f o r  t h e  1 -b i t  s h i f t  r e g i s t e r  by  blanking out t h e  unwanted p a r t s  of t h e  
c i r c u i t .  A t  t h e  t ime of f a b r i c a t i o n  of t he  masks, t he  e f f e c t  of reducing 
3 0 
(a) CIRCUIT DIAGRAM 
GROUND 
------ Dot ted  line area is dielectric insulation. 
--- Dashed line area is crossover conductors. 
(b) LAYOUT 
FIGURE 20 TWO INVERTERS I N  CASCADE 
GROUND 
(a) CIRCUIT DIAGRAM 
(b) LAYOUT 
FIGURE 21 A NOR GATE 
FIGURE 22 PICTURE OF AN INVERTER 
FIGURE 23 PICTURE OF A NOR G A T E  
t h e  spac ing  between t h e  c a t h o d e ,  g r i d ,  and c o l l e c t o r  was s t i l l  n o t  known 
and i t  was t h e r e f o r e  dec ided  t o  r e t a i n  t h e  5-mil geometry.  
The t u b e s  were a c t i v a t e d  f o i l o w i n g  normal a c t i v a t i o n  p rocedures  
moni to r ing  t h e  forward and r e v e r s e  c u r r e n t  of one of t h e  t r i o d e s  o r  
d i o d e s .  During a c t i v a t i o n  of t u b e  244, t h e  alumina wafer  b roke ,  caus ing  
an i n s t a n t a n e o u s l y  h i g h ,  l o c a l  o v e r h e a t i n g .  Th is  caused e v a p o r a t i o n  of 
a  t h i n  f i l m  of barium o v e r  most of t h e  c i r c u i t  g i v i n g  t h e  metal  f i l m s  a  
yel low c a s t .  The f i l m  of barium caused e x c e s s i v e  l eakage  t h a t  d i s -  
appeared when t h e  t u b e  was opened t o  a i r  because  of t h e  o x i d a t i o n  of 
t h e  barium. The a c t i v a t i o n  of t h e  o t h e r  t u b e s  proceeded wi thou t  
problems. 
I n  g e n e r a l ,  t h e  emiss ion  of t h e  d i o d e s  and t r i o d e s  was good. 
However, i t  was n o t  p o s s i b l e  t o  g e t  any of t h e  c i r c u i t s  complete ly  
o p e r a t i n g  because  of a  s t r o n g  emiss ion  i n  t h e  r e v e r s e  d i r e c t i o n  of a l l  
e l ements  excep t  d i o d e  D,.  F i g s .  24 and 25 show t h e  forward and r e v e r s e  
c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  of d iode  D, of t h e  NOR g a t e  ( t u b e  248) .  
Both show improved emiss ion  w i t h  t ime which i s  normal f o r  t h e  ca thodes  
d u r i n g  t h e  f i r s t  few days .  Diode D, of t h e  same c i r c u i t  had s i m i l a r  
c h a r a c t e r i s t i c s  e x c e p t  t h a t ,  i n  t h i s  c a s e ,  i t  was t h e  forward and n o t  
t h e  r e v e r s e  c u r r e n t  t h a t  showed a  t h r e s h o l d  below 140 uA. 
AFTER 96 HOURS 
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VOLTAGE -- V TA-7 147-54 
FIGURE 24 FORWARD CURRENT-VOLTAGE CHARACTERISTICS OF DIODE D9 OF NOR 
GATE (Tube 248) 
AFTER 96 hours 
VOLTAGE - V 
TA-7147-55 
FIGURE 25 REVERSE CURRENT-VOLTAGE CHARACTERISTICS OF DIODE D9 OF NOR 
GATE (Tube 248) 
F .  D i s c u s s i o n  of R e s u l t s  
The two problems t h a t  have no t  been s o l v e d  s o  f a r  a r e  t h e  r e v e r s e  
emiss ion  and t h e  s h o r t  l i f e t i m e  of  t h e  d i o d e s  and t r i o d e s .  The r e v e r s e  
emiss ion  i s  a s s o c i a t e d  w i t h  movement of  t h e  a c t i v a t i o n  m a t e r i a l  ( o r  p a r t  
of i t )  dur ing  t h e  a c t i v a t i o n  p r o c e s s .  The e lements  o f  t h e  f o u r  c i r c u i t s  
produced so f a r  a l l  have emiss ion  i n  t h e  r e v e r s e  d i r e c t i o n  w i t h  t h e  
e x c e p t i o n  of  d iode  DG, t h e  o n l y  d iode  w i t h  a  c o l l e c t o r  no t  connected t o  
any c a t h o d e .  Thus t h e  a c t i v a t i o n  m a t e r i a l  must s p r e a d  a long  t h e  con- 
n e c t i n g  meta l  f i l m s .  To v e r i f y  t h i s  p o i n t  t h e  two t r i o d e s  TI and T, 
were t e s t e d  i n  p a r a l l e l ,  f i r s t  t h e  r e v e r s e  c u r r e n t  between g r i d  and 
c a t h o d e  and t h e n  t h e  r e v e r s e  c u r r e n t  between anode and c a t h o d e .  Reverse  
emiss ion  was obse rved  o n l y  i n  t h e  second c a s e ,  i n  agreement w i t h  t h e  
f a c t  t h a t  o n l y  t h e  anodes a r e  connected by meta l  f i l m s  t o  a  c a t h o d e .  
These r e s u l t s  may b e  s u r p r i s i n g  a t  f i r s t  g l a n c e  because  of  t h e  
s h o r t  p e r i o d  of  t ime t h a t  t h e  s u b s t r a t e s  a r e  k e p t  a t  a c t i v a t i o n  tem- 
p e r a t u r e  (approximate ly  900') and t h e  c o n s i d e r a b l e  d i s t a n c e s  t h e  a c t  i- 
v a t i o n  m a t e r i a l  must t r a v e l  d u r i n g  t h i s  p e r i o d .  However, i t  shou ld  b e  
kep t  i n  mind t h a t  a t  t h e s e  t e m p e r a t u r e s  t h e  barium i s  mol ten  and may run 
a long  t h e  meta l  f i l m s  a t  a  r e l a t i v e l y  r a p i d  speed .  Evidence of mol ten  
barium i s  c l e a r l y  s e e n  i n  F i g .  26,  which shows s m a l l  d r o p l e t s  on t h e  
t u n g s t e n  f i l m  n e x t  t o  t h e  a c t i v a t i o n  m a t e r i a l .  These d r o p l e t s  a r e  pre-  
sumably of  barium s i n c e  mol ten  barium i s  known t o  e x i s t  d u r i n g  a c t i v a t i o n  
o f  a  c a t h o d e ,  i t  b e i n g  a  v e r y  impor tan t  p a r t  of t h e  a c t i v a t i o n  p r o c e s s  
a s  d e s c r i b e d  e a r l i e r .  However, t h e r e  is  no c l e a r  ev idence  of barium 
d r o p l e t s  on t h e  molybdenum-zirconium f i l m s ,  b u t  it may be t h e r e  i n  form 
o f  a  ve ry  t h i n  i n v i s i b l e  f i l m  o r  t h e  barium may have run  a long  t h e  edges  
of  t h e  f i l m .  
The e x a c t  p r o c e s s  r e s p o n s i b l e  f o r  t h e  r e v e r s e  emiss ion  i s  n o t  
known a t  t h i s  t ime  b u t  a  few c o n j e c t u r e s  can be  made. The molybdenum- 
z i rcon ium f i l m  i s  exposed t o  a i r  b e f o r e  t h e  s u b s t r a t e  i s  mounted i n  t h e  
t u b e  s o  p a r t  of t h e  z i rcon ium is o x i d i z e d .  When barium i s  p r e s e n t ,  p a r t  
o f  t h e  z i rconium o x i d e  (Zr02)  i s  reduced and barium o x i d e  (BaO) i s  formed 
u n t i l  a  c e r t a i n  e q u i l i b r i u m  i s  r e a c h e d .  The barium o x i d e  may then  be 
FIGURE 26 EVIDENCE OF MOLTEN BARIUM ON TUNGSTEN FILM 
NEXT TO CATHODE. The cathode is  seen a t  the top. 
c o a t e d  w i t h  some of  t h e  e x c e s s  barium forming a  good e m i t t e r .  The 
amount of barium n e c e s s a r y  f o r  such a  p r o c e s s  would be  v e r y  s m a l l  s i n c e  
o n l y  a  c o a t i n g  of a  few monolayers i s  n e c e s s a r y .  I n  f a c t  t o o  much 
bar ium would r e d u c e  t h e  emiss ion  and t h i s  may b e  t h e  r e a s o n  why t h e  
d iode  Dg o f  t u b e  244 d i d  n o t  show any r e v e r s e  e m i s s i o n .  I n  t h i s  t u b e  
we had a  f i l m  of  more than 100 A of  barium over  t h e  e n t i r e  c i r c u i t  a s  a  
r e s u l t  of  t h e  o v e r h e a t i n g  d e s c r i b e d  p r e v i o u s l y .  U n f o r t u n a t e l y ,  t h e  
o t h e r  d i o d e s  i n  t u b e  244 were n o t  checked b e f o r e  t h e  t u b e  was opened t o  
a i r  because  t h e  e x c e s s i v e  c u r r e n t  l e a k a g e  made e v a l u a t i o n  d i f f i c u l t  and 
because  w e  were unaware of  t h e  problem a t  t h a t  t i m e .  These d i o d e s  s h o u l d  
a l s o  have shown l a c k  o f  r e v e r s e  e m i s s i o n .  
The amount o f  barium a v a i l a b l e  f o r  t r a n s p o r t  a long  t h e  meta l  f i l m s  
is  presumably p r o p o r t i o n a l  t o  t h e  amount o f  a c t i v a t i o n  m a t e r i a l  a p p l i e d  i 
t o  t h e  c a t h o d e s .  Three  l a y e r s  of a c t i v a t i o n  m a t e r i a l  were a p p l i e d  t o  
t h e  5-mil c i r c u i t s  d i s c u s s e d  s o  f a r .  However, i n  some of  t h e  1 - m i l  d u a l  
t r i o d e s  p u t  on l i f e  t es t ,  o n l y  one l a y e r  was a p p l i e d .  S e v e r a l  o f  t h e s e  
t u b e s  on l i f e  test  were open a f t e r  t h e i r  emiss ion  was c o n s i d e r a b l y  
reduced .  There  was no ev idence  of  mol ten  barium a s  shown i n  F i g .  26 b u t  
t h e  c a t h o d e s  had  q u i t e  a  d i f f e r e n t  appearance .  They were b l a c k  compared 
t o  t h e  w h i t e  c o l o r  of  t h e  ca thodes  o f  t h e  5-mil s t r u c t u r e ,  which i n d i c a t e s  
a  breakdown of  t h e  ca thode  m a t e r i a l .  
I t  is i n t e r e s t i n g  t o  n o t e  t h a t  t h e  r e v e r s e  emiss ion  f o r  most  o f  
t h e  e l e m e n t s  improved w i t h  t ime a s  d i d  t h e  emiss ion  from t h e  c a t h o d e s ,  
presumably due t o  m i g r a t i o n  o f  t h e  bar ium.  S i n c e  t h e  e n t i r e  w a f e r  i s  
h e a t e d  t o  t h e  t empera tu re  o f  t h e  c a t h o d e s ,  t h e  barium can s l o w l y  m i g r a t e  
a long  t h e  meta l  f i l m s  and t h u s  c a u s e  t h e  s h o r t  l i f e t i m e .  So f a r  t h e r e  
is no ev idence  o f  m i g r a t i o n  of bar ium a c r o s s  t h e  s a p p h i r e  s u r f a c e .  
U n f o r t u n a t e l y ,  t h e  r e s u l t s  from t h e  l i f e  t e s t  g i v e  l i t t l e  i n f o r m a t i o n  
about  what goes  on i n  t h e  t u b e  d u r i n g  o p e r a t i o n .  The v a l u e  of  t h e  l i f e  
t e s t s  made s o  f a r  i s  l i m i t e d  because  of  t h e  s m a l l  number of  t u b e s  t e s t e d  
and t h e  l a c k  of  i n f o r m a t i o n  on r e p r o d u c i b i l i t y  of t h e  t u b e s .  The r e s u l t s  
from t h e  l i f e  t e s t  p r e s e n t e d  i n  Tab le  I1 a r e  c o n f u s i n g .  Comparing 
t u b e s  237 and 238 w i t h  t u b e s  6 and 7 (not  l i s t e d  i n  t h e  t a b l e )  t h a t  were 
made from n i c k e l - t i t a n i u m  and have been  o p e r a t i n g  f o r  more t h a n  1 0 , 0 0 0  h o u r s  
w i t h o u t  s e r i o u s  d e t e r i o r a t i o n ,  t h e  t e s t  would i n d i c a t e  t h a t  t h e  problem 
i s  a s s o c i a t e d  w i t h  t h e  u s e  of  molybdenum-zirconium. On t h e  o t h e r  hand ,  
t h e  u s e  of n i c k e l - t i t a n i u m  on s a p p h i r e ,  t u b e s  242 and 243, shows t h a t  
n i c k e l - t i t a n i u m  is no b e t t e r  than  molybdenum-zirconium, a t  l e a s t  n o t  on 
s a p p h i r e .  Whether t h e  t y p e  s u b s t r a t e  is a l s o  a  f a c t o r  t o  be  c o n s i d e r e d  
i s  n o t  known. Concerning t h e  e f f e c t  of t h e  geometry ,  1 - m i l  v e r s u s  5 -mi l ,  
t h e  r e s u l t s  i n  Tab le  I1 show no marked e f f e c t  e x c e p t  t h a t  t h e  1 - m i l  
s t r u c t u r e s  appear  t o  d e t e r i o r a t e  a  l i t t l e  more r a p i d l y .  
I f  t h e  m i g r a t i o n  of  barium on t h e  m e t a l  f i l m  i s  t h e  major problem 
a s s o c i a t e d  w i t h  t h e  s h o r t  l i f e t i m e ,  one would e x p e c t  t h a t  t h e  r a t i o  of  
ca thode  a r e a  t o  t h e  a r e a  of  m e t a l  f i l m  connected t o  t h e  ca thode  is impor- 
t a n t .  The s m a l l e r  t h i s  r a t i o ,  t h e  h i g h e r  is  t h e  p e r c e n t a g e  of  bar ium 
conducted away from t h e  c a t h o d e .  F o r  t u b e s  6 and 7 ,  t h e  r a t i o  i s  abou t  
one-hal f  b u t  f o r  t u b e  189 i t  is much lower .  However, f o r  t h i s  p a r t i c u l a r  
t u b e  o n l y  t h e  a r e a  around t h e  ca thodes  a p p e a r s  t o  b e  a t  o p e r a t i n g  t e m -  
p e r a t u r e .  S i n c e  t h e  r a t e  of m i g r a t i o n  i s  a  f u n c t i o n  o f  t e m p e r a t u r e ,  t h e  
e f f e c t i v e  r a t i o  would be h i g h e r .  I f  t h e r e  i s  any t r u t h  t o  t h i s  argument ,  
one would e x p e c t  t h e  1 - m i l  c o n f i g u r a t i o n  t h a t  h a s  t h e  l o w e s t  r a t i o  o f  
them a l l  t o  d e t e r i o r a t e  more r a p i d l y  than  t h e  5-mil s t r u c t u r e .  The l i f e  
tests made s o  f a r  s u p p o r t  t h i s  p o i n t  of  view. 
G .  Conc lus ions  and Recommendations 
The p r o c e s s e s  used  f o r  f a b r i c a t i o n  of  t h e  I V C s  a r e  a l l  w e l l  
developed i n d i v i d u a l l y .  However, t h e  combinat ion o f  t h e  t h i n  f i l m  and 
p h o t o l i t h o g r a p h i c  t e c h n i q u e s  w i t h  t h e  p r o d u c t i o n  o f  c o p l a n a r  c a t h o d e s  
i s  e n t i r e l y  new and t h e  q u e s t i o n  a r i s e s  t o  what d e g r e e  t h e s e  t e c h n i q u e s  
a r e  c o m p a t i b l e .  The a c t i v a t i o n  o f  t h e  c a t h o d e s ,  which f o l l o w s  t h e  normal 
t h i n  f i l m  t e c h n i q u e ,  i s  c r u c i a l  i n  t h a t  it exposes  t h e  t h i n  f i l m s  t o  
q u i t e  h igh  t e m p e r a t u r e s  (- 9 0 0 ~ ~ )  and p o s s i b l e  chemical  and p h y s i c a l  
i n t e r a c t i o n s  n o t  normal ly  encoun te red  i n  o t h e r  a p p l i c a t i o n s .  The a c t i -  
v a t i o n  p r o c e s s  and t h e  c o n d i t i o n s  under  normal o p e r a t i o n  i n  a  r e g u l a r  
tube  a r e  ve ry  l o c a l i z e d ,  i . e . ,  o n l y  t h e  ca thode  is  h e a t e d  w h i l e  t h e  r e s t  
of  t h e  t u b e  i s  a t  a  much lower  t e m p e r a t u r e .  I n  t h e  IVCs t h e  c a t h o d e s  
and t h e  r e s t  o f  t h e  c i r c u i t  a r e  a l l  a t  t h e  same t e m p e r a t u r e ,  n o t  o n l y  a t  
a c t i v a t i o n  b u t  a l s o  d u r i n g  t h e  normal o p e r a t i o n ,  T h i s  f a c t o r  makes some 
s e v e r e  demands on t h e  adhes ion  o f  t h e  t h i n  f i l m s  t o  t h e  s u b s t r a t e  and on 
t h e i r  a b i l i t y  t o  w i t h s t a n d  chemical  o r  p h y s i c a l  a t t a c k s  d u r i n g  a c t i v a t i o n .  
By s e l e c t i n g  m e t a l s  t h a t  r e a c t  w i t h  t h e  s u b s t r a t e ,  t h e  adhes ion  problem 
a p p e a r s ,  a t  l e a s t  a t  t h i s  p o i n t ,  t o  have been s o l v e d  b u t  t h e  p r o c e s s e s  
o c c u r r i n g  d u r i n g  a c t i v a t i o n  o f  t h e  c a t h o d e s  a r e  s t i l l  a  problem. The 
r e s u l t s  of t h i s  i n v e s t i g a t i o n  i n d i c a t e  t h a t  t h e  p a r t s  of  t h e  f i l m s  con- 
n e c t e d  w i t h  t h e  ca thode  a r e a s  a r e  a l l  a c t i v a t e d  by a  f low o f  mol ten  
barium a long  t h e  m e t a l  f i l m s .  The e x a c t  p r o c e s s  o c c u r r i n g  h a s  n o t  been 
comple te ly  i d e n t i f i e d  b u t  t h e  exper imenta l  r e s u l t s  show t h a t  any anode 
connec ted  w i t h  a c a t h o d e  th rough  a  meta l  f i l m  becomes an e m i t t e r .  Thus 
it i s  c l e a r  t h a t  ve ry  d e t a i l e d  and s i m p l e  exper iments  must be  performed 
t o  s o l v e  t h i s  problem b e f o r e  any compl ica ted  c i r c u i t s  can b e  a t t e m p t e d .  
I n  a d d i t i o n ,  t h e r e  is  a  problem concern ing  t h e  l i f e  t ime  of t h e  
c a t h o d e s .  While c a t h o d e s  o f  c o n v e n t i o n a l  t u b e s ,  lnade from t h e  m i x t u r e  
of  t r i p l e  c a r b o n a t e  and p h o t o r e s i s t s  used i n  t h i s  i n v e s t i g a t i o n ,  show no 
d e t e r i o r a t i o n  a f t e r  more than  12 ,000  h o u r s ,  t h e  c o p l a n a r  c a t h o d e s  asso-  
c i a t e d  w i t h  t h e  t h i n  f i l m  c i r c u i t r y  have a  v e r y  s h o r t  l i f e t i m e .  T h i s  
may b e  due t o  a  slow m i g r a t i o n  of  barium a c r o s s  t h e  m e t a l  f i l m s  b u t ,  
j u s t  a s  above,  d e t a i l e d  measurements a r e  needed f o r  i d e n t i f i c a t i o n  and 
s o l u t i o n  of t h i s  problem. I t  is b e l i e v e d  t h a t  t h i s  problem can be  over-  
come by t h e  p roper  s e l e c t i o n  of compat ib le  m a t e r i a l s  and p r o c e s s i n g  
c o n d i t i o n s  . 
F i n a l l y ,  t o  o b t a i n  compl ica ted  IVC c i r c u i t s ,  c r o s s o v e r s  of m e t a l  
conduc to r s  a r e  n e c e s s a r y  t o  r educe  t h e  s i z e  of  t h e  c i r c u i t s .  I t  i s  
b e l i e v e d  from t h e  exper iments  w i t h  t h e  m i x t u r e  o f  CaO, MgO,  and A 1 2 0 3  
t h a t  t h i s  problem can  b e  s o l v e d  w i t h o u t  t o o  much d i f f i c u l t y .  O t h e r w i s e ,  
t h e  t e c h n i q u e s  o f  b u i l d i n g  meta l  b r i d g e s  t h a t  now a r e  employed f r e q u e n t l y  
i n  m i c r o m i n i a t u r e  semiconductor  c i r c u i t s  shou ld  be  c o n s i d e r e d .  
